Phospholipase C-␦1 modulates sustained contraction of rat mesenteric small arteries in response to noradrenaline, but not endothelin-1. Am J Physiol Heart Circ Physiol 295: H826 -H834, 2008. First published June 20, 2008 doi:10.1152/ajpheart.01396.2007.-Vasoconstrictors activate phospholipase C (PLC), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2), leading to calcium mobilization, protein kinase C activation, and contraction. Our aim was to investigate whether PLC-␦1, a PLC isoform implicated in ␣1-adrenoreceptor signaling and the pathogenesis of hypertension, is involved in noradrenaline (NA) or endothelin (ET-1)-induced PIP 2 hydrolysis and contraction. Rat mesenteric small arteries were studied. Contractility was measured by pressure myography, phospholipids or inositol phosphates were measured by radiolabeling with 33 Pi or myo-[ 3 H]inositol, and caveolae/rafts were prepared by discontinuous sucrose density centrifugation. PLC-␦ 1 was localized by immunoblot analysis and neutralized by delivery of PLC-␦ 1 antibody. The PLC inhibitor U73122, but not the negative control U-73342, markedly inhibited NA and ET-1 contraction but had no effect on potassium or phorbol ester contraction, implicating PLC activity in receptor-mediated smooth muscle contraction. PLC-␦ 1 was present in caveolae/rafts, and NA, but not ET-1, stimulated a rapid twofold increase in PLC-␦ 1 levels in these domains. PLC-␦1 is calcium dependent, and removal of extracellular calcium prevented its association with caveolae/rafts in response to NA, concomitantly reducing NA-induced [ 33 P]PIP2 hydrolysis and [
VASCULAR TONE IS AN IMPORTANT determinant of peripheral vascular resistance and blood pressure, and increased responsiveness to the vasoconstrictors noradrenaline (NA) and endothelin (ET)-1 contributes to pathological states, such as vasospasm and hypertension (9, 15) . In vascular tissues, NA and ET-1 activate G protein-coupled receptors (GPCR) linked to the phosphoinositide (PI) signaling system. Activation of this pathway results in phosphatidylinositol 4,5-bisphosphate (PIP 2 ) hydrolysis, producing the second messengers inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 induces calcium release from intracellular stores and triggers extracellular calcium influx through activation of store-operated calcium channels, leading to contraction, while DAG activates protein kinase C (PKC), implicated in both contractility and proliferation (43) . Additionally, PIP 2 hydrolysis and increased intracellular calcium induce actin cytoskeleton reorganization, further facilitating contraction (50) . Thus vasoconstrictor hormone activation of the PI signaling system is central to regulation of small artery tone and peripheral vascular resistance, and aberrations in this signaling pathway may underlie alterations in the peripheral vasculature in cardiovascular disease.
Hydrolysis of PIP 2 is mediated by PI-specific phospholipase C (PLC), a family of 11 isoforms (reviewed in Ref. 40) , of which PLC-␤ 1 , -␤ 2 , -␦ 1 , and -␥ 1 have been identified in vascular smooth muscle (VSM) (28) . Of these, previous research has implicated PLC-␤ 2 in ␣-adrenergic responses (28) . Cotransfection studies have shown that ␣ 1 -adrenoreceptors (AR) can couple via G␣ q family members to PLC-␤ (46) , and, in rat tail artery, ␣ 1 -AR stimulation induced the translocation of PLC-␤ 2 from the cytosol to the plasma membrane (28) . However, GPCR agonists can also activate PLC-␥ (31) and PLC-␦ 1 (26, 35) , and so the PLC isoforms involved in vasoconstrictor-stimulated PIP 2 hydrolysis in VSM are still unclear. Studies have shown that ␣ 1 -AR agonists activate PLC-␦ 1 (35) in a calcium-dependent manner (40) and that its activity is increased in hypertension (23, 27) . Taken together, this suggests that PLC-␦ 1 may be important for GPCR responses in VSM.
It is now accepted that subcellular localization and targeting of signaling molecules are important for regulating signal transduction in biological systems. In rat mesenteric small arteries (RMSA), hydrolysis of PIP 2 in response to both NA and ET-1 is restricted to caveolae/lipid rafts (12) plasma membrane microdomains implicated in VSM signal transduction and contractility (7) . Recently, a PLC-␦ 1 binding protein, p122/RhoGAP, has been detected in caveolae (49) , suggesting that PLC-␦ 1 may also localize to caveolae/rafts and could potentially be involved in PIP 2 hydrolysis within these domains. Given the importance of the PI pathway in VSM contraction and the lack of data on the microdomain localization of PLC isoforms in vascular tissues, we investigated whether PLC-␦ 1 is involved in NA-and ET-1-induced PIP 2 hydrolysis in caveolae/lipid rafts and its functional role in small-artery contraction. As there is evidence that ␣ 1 -AR regulates blood pressure (44) , and increased PLC-␦ 1 activity has been implicated in hypertension (27) , these studies are of particular relevance in the context of this disease.
MATERIALS AND METHODS
The investigation was carried out in accordance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (publication no. 85-23, revised 1996), The University of Manchester Animal Experimentation Guidelines, and the U.K. Animals (Scientific Procedures) Act 1986. Experiments were performed with the approval of the Review Board of the University of Manchester and the Home Office.
Animals and incubation conditions. Adult female Sprague-Dawley rats (8 -10 wk of age, body weight 180 -220 g) were used for all experiments. A minimum of three and maximum of five animals were used for each treatment, as detailed in Figs. 1-8 legends. The mesentery was excised and placed in ice-cold physiological salt solution. Mesenteric small arteries (internal diameter Ͻ400 m) were cleaned of adherent fat and connective tissue and dissected from the mesenteric bed. Unless stated otherwise, arteries were equilibrated in 1 ml of tissue culture media M199 (Invitrogen) for 1 h at 37°C, before stimulation with NA (15 M) or ET-1 (100 nM) for various time points.
Isolation of caveolae/raft microdomains. Caveolae/raft-enriched microdomains were purified from RMSA, as described previously (12) . Briefly, arteries were homogenized in 0.5 M Na 2CO3 (pH 11), the protein concentration was adjusted to 1 mg/ml, and 450 l of homogenate were separated by discontinuous (40%:35%:5%) sucrose density gradient centrifugation. Thirteen fractions were collected, and fractions 2-5 at the 5-35% interface were pooled as caveolae/rafts. Using this method, we have shown that these fractions are enriched in caveolae and lipid raft markers: caveolin-1, cholesterol, and ganglioside GM1 (12) .
Immunoblotting. Proteins in the caveolae/raft fractions were precipitated with 5% trichloroacetic acid and processed for SDS-PAGE and Western blot analysis with monoclonal anti-PLC-␦ 1 diluted 1:200 (Clone S-11-2, Upstate), or polyclonal anti-PLC-␦1 diluted 1:500 (H-140, Santa Cruz Biotechnology), or anti-caveolin-1 diluted 1:10,000 (Clone 2297, Transduction Laboratories). Signals were developed by horseradish peroxidase-conjugated secondary antibody and chemiluminescence (Pierce). Signal intensity was quantified by densitometry (BioRad GS800 Densitometer), and images showing saturation were not used in analysis. Following caveolae/raft preparation, fresh dilutions of PLC-␦ 1 antibody detected a doublet; the upper band corresponding to the expected molecular mass of PLC-␦1 was used for densitometry.
Cell culture and transfection of plasmids for specificity of PLC-␦1 antibodies. Mouse embryonic fibroblast cells (MEF) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Mouse PLC-␦ 1, human PLC-␦3, and rat PLC-␦4 were subcloned into FLAG-tagged expression vector pcDNA3 (21) and transiently expressed in MEF cells using Lipofectamine Plus (Invitrogen). At 24 h after transfection, cells were lysed in RIPA buffer and processed for immunoblotting. VSM cells (VSMC) were isolated from Sprague-Dawley rat thoracic aorta by enzymatic digestion (17) and maintained in Dulbecco's modified Eagle's medium/15% fetal bovine serum. Total cell lysates for immunoblotting were prepared by lysing cells in RIPA buffer.
Measurement of endogenously labeled phospholipids. RMSA phospholipids were labeled with 33 (38) . Following radiolabeling, vessels were transferred to 0.5 ml M199 or calcium-free HEPES buffer containing 10 mM LiCl for 10 min before stimulation with 15 M NA or vehicle for 1 min. Reactions were terminated by homogenization of arteries in 0.5-ml ice-cold 10% trichloroacetic acid. Samples were neutralized, and the [ 3 H]InsPx fraction was recovered by Dowex anion exchange chromatography column and quantified using liquid scintillation counting (6) .
Antibody delivery. Chariot protein transfection reagent (ActiveMotif) was used to deliver antibodies to intact RMSA. This transfection reagent is able to deliver antibodies into cells while preserving their ability to localize to the proper cellular compartment and to recognize antigens within the cell (32) . Recently, Chariot has been used successfully to deliver proteins to lung and vascular tissue (4, 25, 30) . Chariot/antibody complexes were prepared and used according to the manufacturer's instructions. Briefly, dissected arteries were incubated in 0.5 ml Leibovitz medium (L15, Invitrogen) for 30 min at 37°C. For each transfection, 6 l Chariot in 100 l 40% dimethyl sulfoxide were mixed with 3 g antibody in 100 l phosphate-buffered saline and incubated at room temperature for 30 min to allow the complex to form. The arteries were transferred to a fresh microfuge tube, overlaid with 200 l Chariot/antibody complex, and mixed gently. L15 medium (400 l) was added, and the tissues were incubated for 1 h at 37°C before addition of 750 l L15 and a further 2 h incubation at 37°C. Following incubation, arteries were washed in phosphatebuffered saline and mounted in a pressure arteriograph for measurement of contractility or transferred to 0.5 ml M199 for 15 min at 37°C before stimulation with NA (15 M, 2 min) or vehicle (distilled H 2O) and processed for caveolae/raft separation. Antibodies delivered were as follows: anti-PLC-␦ 1 clone S-11-2 (mouse monoclonal IgG2A, Upstate) and, as controls, anti-mouse IgG2A (Dako) or anti-mitochondrial heat shock protein 70 (mtHSP70) clone JG1 (mouse monoclonal IgG 3, Affinity BioReagents).
Measurement of contractile responses. Contractile responses of small arteries were measured using pressure myography (Living Systems), as described previously (12) . After equilibration at 20 mmHg and 37°C in physiological salt solution (pH 7.4, gassed with 5% CO 2 in air), intraluminal pressure was raised to 70 mmHg, and the vessel left to stabilize for 15 min before addition of 50 mM KPSS (high-potassium physiological salt solution, molar substitution with NaCl) or cumulative concentrations of NA (0.6, 3, and 15 M) or ET-1 (0.6, 3, and 100 nM) at 2-min intervals. A dual-chamber organ Fig. 2 . PLC-␦1 is present in caveolae/rafts. RMSA were processed for caveolae/raft isolation, and fraction content was analyzed by immunoblot for PLC-␦1 (upper portion of membrane) and caveolin-1 (lower portion of membrane), as described in MATERIALS AND METHODS. The small panel on the right is a longer exposure of the membrane showing PLC-␦1 in fractions 2 and 3. mes, RMSA total tissue homogenate before fractionation. Values are means Ϯ SE of %total PLC-␦1. Where a doublet was detected, the upper band that corresponded to the expected molecular mass was analyzed; any image showing saturation was not used in analysis. *P Ͻ 0.05 for NA compared with basal, and NA compared with calcium-free ϩ NA; n ϭ 5. Cav/raft, caveolae/raft; Non Cav/raft-1, noncaveolae/raft-1; Non Cav/raft-2, noncaveolae/raft-2.
bath was used, allowing study of paired arterial segments in each experiment: a control artery that had received anti-mouse-IgG 2A or anti-mtHSP70, and a test artery that had received anti-PLC-␦1. The concentrations of agonist used were chosen to cause minimal, submaximal, and maximal contraction. The total protocol took ϳ90 min, thus minimizing the time for degradation of antibodies.
To study the effect of PLC inhibition on contractility, nontransfected arteries were incubated in 3 M U73122 or 3 M U73342 for 30 min before addition of 15 M NA, 100 nM ET-1, 1 M 12, 13-dibutyrate (PdBu), or 50 mM KPSS. To minimize nonspecificity, the concentration of U73122 was titrated from 0.5 to 10 M against 15 M NA and 50 mM KPSS (not shown). At 10 M U73122, a concentration frequently used to inhibit PI-PLC (2) contraction to 50 mM KPSS was completely abolished, suggesting nonspecific effects on contractility; 5 M also reduced contraction to 50 mM KPSS, whereas preincubation with 3 M for 30 min had no effect on the response to 50 mM KPSS but did inhibit 15 M NA. Accordingly, we used U73122 and the negative control U73342 at 3 M in the present study. Individual segments were used for each treatment.
For all experiments, endothelial function was tested by the addition of 10 M acetylcholine to arteries precontracted with 15 M NA or 50 mM KPSS; any tissues that failed to dilate were discounted from the study.
Materials. ET-1 was purchased from Calbiochem, TLC Plates (Merck 5721) and "HiPerSolv" grade solvents were from VWR International (Leics, UK Statistical analysis. Comparisons between two groups were analyzed by Student's t-test, whereas comparisons between multiple groups were analyzed by repeated-measures two-way ANOVA comparison. P Ͻ 0.05 was considered statistically significant, with n ϭ number of experiments as indicated.
RESULTS

Inhibition of PLC activity reduces NA-and ET-1-induced contraction.
To investigate the role of PLC in vasoconstrictor hormone-induced contraction, we first measured RMSA contractility in response to NA and ET-1 in the presence of the PLC inhibitor U73122 (3 M) or its negative control U73342 (3 M) (8). To avoid specificity issues, inhibitor concentrations were titrated from 0.5 to 10 M to give the minimum effective concentration (3 M; not shown), while agonist concentrations were chosen as those that induce PIP 2 hydrolysis and maximum contraction in RMSA (12) . As can be seen, PLC inhibition substantially blocked contraction to NA (15 33 P]PIP2 hydrolysis is independent of extracellular calcium. RMSA were stimulated with ET-1 (100 nM) for various time points up to 5 min; caveolae/rafts (fractions 2-5), noncaveolae/rafts-1 (fractions 6 -9), and noncaveolae/rafts-2 (fractions 10 -13) were isolated; and PLC-␦1 content analyzed as described in MATERIALS AND METHODS. A: immunoblot showing the effect of ET-1 on PLC-␦1 distribution. B: densitometric data of the PLC-␦1 signal in caveolae/rafts expressed as means Ϯ SE of %total PLC␦1 (n ϭ 5). Any image showing saturation was not used in analysis; where a doublet was detected, the upper band that corresponded to the expected molecular mass was analyzed. C: RMSA were labeled with 33 Pi and stimulated with ET-1 (100 nM) for 20 s in the presence or absence of extracellular calcium. Caveolae/rafts were isolated (fractions 2-5), and lipids extracted. M) or ET-1 (100 nM) with both initial (30 s) and sustained components of the response markedly reduced in the presence of U73122 compared with U73342 (Fig. 1, A and B) . In contrast, PLC inhibition did not affect non-GPCR-mediated contraction induced by depolarization with 50 mM KPSS (Fig.  1C) or direct PKC activation with phorbol ester (phorbol 12,13-dibutyrate; 1 M) (Fig. 1D) , indicating that the effect of U73122 on NA and ET-1-induced contraction is specific. PLC-␦ 1 in NA and ET-1-induced PIP 2 hydrolysis. Having shown that PLC activity is involved in NA and ET-1-induced RMSA contraction, we investigated whether PLC-␦ 1 was involved in PIP 2 hydrolysis. Recently, we found that PIP 2 hydrolysis in response to NA and ET-1 occurs solely in caveolae/ rafts in RMSA (12) . Accordingly, we investigated whether PLC-␦ 1 was present in, or associated with, these domains following stimulation. Immunoblot analysis of fractions from sucrose density centrifugation showed the presence of PLC-␦ 1 in the buoyant caveolin-1-enriched fractions corresponding to caveolae rafts (12) (Fig. 2) . In untreated tissue, 6.4 Ϯ 1.1% of total PLC-␦ 1 were localized to caveolae/rafts. NA stimulated a rapid (20 s) and transient increase in PLC-␦ 1 levels of caveolae/rafts (2.05 Ϯ 0.3-fold peak; Fig. 3 ) but had no significant effect on its levels in either of the noncaveolae/raft fractions (not shown). Of the four PLC subtypes, PLC-␦ isoforms are the most sensitive to calcium (1). Consistent with this, removal and chelation of extracellular calcium prevented the NA-stimulated translocation of PLC-␦ 1 to caveolae/rafts (Fig. 3) . This was not due to EGTA, as a similar effect was observed in nominally calcium-free buffer (Fig. 3) .
If PIP 2 hydrolysis required PLC-␦ 1 , extracellular calcium removal, by preventing PLC-␦ 1 relocalization to caveolae/rafts, would also be expected to reduce hydrolysis in response to NA. Indeed, at 20 s of NA stimulation (time point of PLC-␦ 1 association with caveolae/rafts), [ 33 P]PIP 2 hydrolysis was reduced in the absence of extracellular calcium (Fig. 4A) (Fig. 4B ), confirming that PIP 2 hydrolysis was reduced.
In contrast, ET-1 had no effect on PLC-␦ 1 levels in either caveolae/raft or noncaveolae/raft fractions at any of the time points studied (Fig. 5, A and B) . In addition, removal and chelation of extracellular calcium had no significant effect on ET-1-stimulated [ 33 P]PIP 2 hydrolysis in caveolae/rafts at 20 s (Fig. 5C) , suggesting that the calcium-dependent PLC-␦ 1 is not involved in the response to this agonist.
Role of PLC-␦ 1 in NA and ET-1-induced contraction. Our data suggest that PLC-␦ 1 is involved in NA-induced PIP 2 hydrolysis and so might be expected to regulate the contractile response to this agonist. However, as there are no PLC isoform-selective inhibitors, we were unable to use a pharmacological approach to investigate this. Accordingly, using Chariot protein transfection reagent, we delivered PLC-␦ 1 antibodies to intact RMSA to neutralize endogenous PLC-␦ 1 . To check the specificity of the PLC-␦ 1 antibodies, FLAG-tagged mouse PLC-␦ 1 , human PLC-␦ 3 , and rat PLC-␦ 4 were expressed in MEF cells (21) . Expression of the PLC-␦ isoforms was demonstrated by anti-FLAG immunoblot (Fig. 6A) ; neither monoclonal PLC-␦ 1 raised against full-length human PLC-␦ 1 , nor polyclonal PLC-␦ 1 raised against amino acids 1-140 at the NH 2 -terminus of human PLC-␦ 1 showed detectable crossreactivity with PLC-␦ 3 or PLC-␦ 4 (Fig. 6A) , confirming isoform specificity of these antibodies. In addition, the monoclonal PLC-␦ 1 antibody recognized a single major band at the expected molecular mass of ϳ85 kDa on an immunoblot of RMSA and VSMC homogenate (Fig. 6B) . The polyclonal PLC-␦ 1 antibody detected two major bands on an immunoblot of RMSA of ϳ85 and 70 -75 kDa (Fig. 6B) . However, only an 85-kDa band was detected in VSMC lysates, suggesting that the 70-to 75-kDa band was of nonsmooth muscle cell origin. Accordingly, the polyclonal anti-PLC-␦ 1 was used for immunoblot only, and the monoclonal anti-PLC-␦ 1 antibody was used to neutralize endogenous PLC-␦ 1 .
Delivery of 3-g monoclonal anti-PLC-␦ 1 , but not mouse anti-IgG 2A , inhibited NA-induced association of PLC-␦ 1 with caveolae/rafts (Fig. 7) . Furthermore, while delivery of 3-g anti-PLC-␦ 1 had no effect on the initial rapid contraction to NA (Fig. 7) , tension during the sustained response was not maintained, compared with a paired artery that had received 3 g of anti-mouse IgG 2A (Fig. 7) . In contrast, the contractile response to ET-1 or KPSS was similar between anti-PLC-␦ 1 and antimouse IgG 2A -treated arteries (Figs. 7 and 8) . As an additional control, we delivered anti-mtHSP70 (mouse monoclonal), which recognizes rat mtHSP70 (Fig. 6 ) and would be expected to bind in tissues but not affect contraction. As can be seen, delivery of anti-mtHSP70 had no effect on the contractile response to NA, ET-1, or KPSS (Figs. 7 and 8) , indicating that the observed effect of anti-PLC-␦ 1 was due to its interaction with PLC-␦ 1 and not a nonspecific antibody response.
DISCUSSION
The PI signaling system is central to the regulation of vascular contractility and peripheral vascular resistance. The hydrolysis of PIP 2 by PLC is a key reaction involved in initiation and regulation of VSM contraction. However, it is still unclear which PLC isoforms mediate this reaction in response to vasoconstrictors. Previous expression studies in nonmuscle cells have shown that ␣ 1 -ARs can couple to PLC-␦ 1 (10, 16, 20) , although whether this occurs in tissues and is of any physiological significance has not been addressed. Here, we present the first evidence that PLC-␦ 1 is involved in NA-induced contraction in VSM tissue.
Studies in VSM have identified and implicated PLCs-␤, -␥, and -␦ in PIP 2 hydrolysis stimulated by GPCR agonists (26, 28, 31) . Although PLC-␤ 2 was reported as the major isoform involved in NA responses in rat caudal artery (28) , the PLC isoforms expressed in RMSA and involved in GPCR signaling have yet to be fully identified. Caveolae/rafts and/or caveolins are implicated in smooth muscle contraction and the pathophysiology of vascular disease (7, 29) , and disruption of these domains reduces ET-1-and NA-induced contraction in vascular tissues (14, 22, 41) . Previously, we have shown that NA and ET-1 induce PIP 2 hydrolysis solely within caveolae/rafts in RMSA (12) . Here, we have identified PLC-␦ 1 within caveolae/ rafts and found that stimulation with NA, but not ET-1, induced a rapid and transient translocation of PLC-␦ 1 to caveolae/rafts of RMSA. Furthermore, we observed that removal of extracellular calcium prevented NA-stimulated PLC-␦ 1 translocation to caveolae/rafts, with concomitant reduction of PIP 2 hydrolysis and [
3 H]InsP x production, suggesting that calcium is upstream of PLC-␦ 1 activation. Consistent with this, previous studies have suggested that PLC-␦ 1 acts to amplify the calcium signal initiated by agonist activation of PLCs-␤, -␥, or -ε. Unlike other PLC isoforms, PLC-␦ 1 is not active at basal calcium levels, but its activity increases markedly following a rise in calcium (39) . Furthermore, keratinocytes from PLC-␦ 1 null mice do not show a sustained rise in calcium following PLC-␥ activation, but reintroduction of PLC-␦ 1 restores the response (34) , and, in smooth muscle cells, expression of dominant-negative PLC-␦ 1 inhibits the sustained but not the initial phase of PI hydrolysis in response to G i/o agonists (33) . Moreover, as we observed a decrease but not abolition of PIP 2 hydrolysis and InsP x production in the absence of extracellular calcium, our data support a role for PLC-␦ 1 as an amplifier of PLC signaling. Importantly, extracellular calcium removal had no significant effect on ET-1-stimulated PIP 2 hydrolysis, consistent with the lack of effect of ET-1 on PLC-␦ 1 distribution and indicating the agonist-specific activation of PLC isoforms in RMSA. Additionally, as ET-1 caused a comparable decrease in [
33 P]PIP 2 levels as NA, despite not activating PLC-␦ 1 , this further suggests that GPCR agonists differentially regulate PLCs in VSM.
Both NA and ET-1 increase intracellular calcium in RMSA (41), but PLC-␦ 1 did not appear to be required for ET-1 responses, suggesting that a rise in intracellular calcium cannot be the only activator of PLC-␦ 1 . Indeed, increased intracellular calcium alone does not cause maximal activation of PLC-␦ 1 (5, 26) , and many agonists that increase intracellular calcium do not activate this isoform (40) . Therefore, GPCR agonists must use additional mechanisms to regulate PLC-␦ 1 activity; for example, interactions of PLC-␦ 1 with atypical G protein Gh, Rho, Rho-GAP, Ral/calmodulin, and PLC-␤ (16, 18, 19, 33, 42) have all been observed to modulate PLC-␦ 1 activation in response to various agonists. Therefore, although increased intracellular calcium is required for PLC-␦ 1 activation, different agonists must also use other signaling molecules to modulate the response, most probably dependent on the coupling of specific G proteins to agonist receptors, in addition to the proteins expressed within the cells. The additional mechanisms of PLC-␦ 1 regulation are currently the subject of further study.
Subcellular localization and targeting of signaling molecules are now accepted to be important for regulation of signal transduction in biological systems. In this study, NA but not ET-1 caused PLC-␦ 1 to associate with caveolae/rafts, suggesting that targeting to specific membrane sites may also function in regulation of its activity. However, although removal of extracellular calcium prevented PLC-␦ 1 association with caveolae/rafts, it is not clear from our experiments whether it is the rise in calcium that "directs" PLC-␦ 1 to these domains. Although interaction of PLC-␦ 1 with membranes is dependent on its pleckstrin homology domain that binds inositol 4,5-bisphosphate (the PIP 2 head group) (48), the enzyme also possesses a C2 domain. These domains are implicated in lipid binding and calcium-dependent targeting of proteins to membranes (11) , and, indeed, the PLC-␦ 1 C2 domain binds phosphatidylserine and associates with membranes both in vitro and in vivo in a calcium-dependent manner (3). However, the interactions of these domains with calcium, PIP 2 , and IP 3 , and their relative contributions to the regulation of PLC-␦ 1 are currently unclear.
Agonist-induced contraction of tonic smooth muscle has two components. An initial rapid response is triggered by IP 3 -mediated mobilization of calcium with subsequent activation of myosin light chain (MLC) kinase and inhibition of MLC phosphatase. This is followed by a sustained phase involving calcium sensitization of MLC phosphorylation through PLC/ DAG/PKC/CPI-17 and RhoA/Rho kinase pathways (13, 43) , suggesting that PLC activity is important for both components of contraction. Consistent with this, PLC inhibition reduced both initial and sustained contractile responses to both NA and ET-1, with no effect observed on contraction induced by membrane depolarization or direct activation of PKC by PdBu. To minimize potential nonspecific effects of the PLC inhibitor U73122 and its negative control, inhibitor concentrations were titrated down to a minimum effective dose (3 M; data not shown). As this dose was still able to inhibit NA-and ET-1-mediated contraction, but was below the level required for reported PLC-unrelated effects of U73122, such as blockade of To address the functional role of PLC-␦ 1 in smooth muscle contraction, we delivered PLC-␦ 1 antibodies, previously shown to effectively block PLC-␦ 1 activity (33), to intact RMSA. Whereas this resulted in an inhibition of PLC-␦ 1 association with caveolae/rafts and attenuation of NA-induced contraction, in contrast, there was no significant effect on ET-1-induced contraction, consistent with the inability of ET-1 to alter PLC-␦ 1 distribution and the selective role of PLC-␦ 1 in NAinduced PIP 2 hydrolysis, as discussed above. Importantly, PLC-␦ 1 antibodies attenuated only the sustained contraction to NA, further implying that PLC-␦ 1 is activated secondary to PLC-␤ and consistent with a role for this enzyme as an amplifier of PIP 2 hydrolysis. This was found to be a specific effect, as neither anti-IgG 2A nor mtHSP70 antibodies had an effect on contraction. Moreover, this is in agreement with recent studies in smooth muscle cells, where sustained PIP 2 hydrolysis in response to somatostatin was dependent on PLC-␦ 1 (33) , and in bradykinin-stimulated PC12 cells, where PLC-␦ 1 was activated subsequent to PLC-␤ activation (26) . To study the role of PLC-␦ 1 in a physiological context, we used intact vascular tissue with a functional endothelium. Therefore, it is possible that the responses we observed were modulated by the endothelium. However, as both ␣ 1 -AR and ET A receptors are found predominantly on smooth muscle cells, this suggests the effects on contractility would be primarily of smooth muscle origin. Taken together, this is the first direct evidence that PLC-␦ 1 has a functional role in maintenance of contraction and further links activation of PI signaling in caveolae/rafts to the contractile response.
Vascular tone is an important determinant of vascular resistance and blood pressure, and increased responsiveness to sympathetic nervous activity contributes to pathological states, such as vasospasm and hypertension. Vasoconstrictor hormone activation of the PI signaling system is central to regulation of small-artery tone, and increased activity of this pathway in hypertension has been reported recently (27) . Of particular relevance to our study, there is evidence that ␣ 1D -ARs regulate blood pressure (44) , are upregulated in the aorta of spontaneously hypertensive rats (SHR) (47) , and are implicated in the development of hypertension (45) . Evidence also suggests that PLC-␦ 1 is involved in hypertension, with studies indicating increased PLC-␦ 1 activity in human hypertension (27) and in aorta from SHR (23) . Additionally, a PLC-␦ 1 polymorphism that results in a missense mutation in the catalytic domain was found to cosegregate with low blood pressure in SHR (24) . Our data showing that PLC-␦ 1 is involved in sustained NA-induced contraction of small arteries suggests that aberrations in this signaling pathway may underlie alterations in the peripheral vasculature in cardiovascular disease. Accordingly, further understanding of the mechanisms involved in ␣ 1 -AR activation of PLC-␦ 1 may offer potential targets for intervention.
